Volatile organic compounds (VOCs) appear to be critical for mediating the extreme specificity of the obligatory mutualisms between Ficus species (Moraceae) and their pollinating wasps (Hymenoptera, Chalcidoidea, Agaonidae). In the present study, we characterized the blend of VOCs emitted by receptive syconia of two closely related fig species F. sur and F. sycomorus. Headspace samples were collected, respectively, at three and four localities per species in South Africa and Swaziland, including one locality where both species were present, and were analyzed by gas chromatography-mass spectrometry (GC-MS) using a sensitive direct thermal desorption method. A total of 56 compounds were detected, most of which were terpenoids. Some of the major VOCs emitted by receptive figs are shared by both species. However, the relative proportions of these compounds in the total blend are different between F. sur and F. sycomorus. Multivariate analysis revealed a significant difference between the volatile profiles of the two species. These results support the hypothesis that the chemical messages emitted by figs are speciesspecific.
Introduction
Floral odours are important signals for communication between flowering plants and their pollinators (Raguso, 2008) . Floral scents are mostly made up of complex blends of substances, which often belong to several distinct chemical classes (Knudsen et al., 2006) . The complexity of floral scent in terms of the number, identity, and relative amounts of constituent volatile compounds allows plants to produce a large range of signals which vary among and within species (Knudsen et al., 2006; Raguso, 2008) . In some specific plant-pollinator interactions, the emission by the plant of a chemical signal and the specific recognition of it by the exclusive pollinator is crucial for plant reproduction (Ayasse, 2006) . In several highly specialized nursery pollination mutualisms, where pollinators reproduced within the inflorescences they pollinate, chemical signals mediate Available online at www.sciencedirect.com South African Journal of Botany xx (2009) xxxxxx encounter between mutualists and are thus a critical determinant of reproduction of plants and pollinators (Grison-Pigé et al., 2002b; Dufaÿ et al., 2003; Dötterl et al., 2006) .
Several studies have highlighted the importance of odour cues in the fig-fig wasp mutualism (Ware et al., 1993; Grison-Pigé et al., 2002b; Chen and Song, 2008; Chen et al., in press; Proffit et al., 2009 ). All Ficus species (more than 750 species worldwide) are pollinated generally by one mutualistic fig wasp species (Hymenoptera, Chalcidoidea, Agaonidae) that feeds exclusively on the developing ovule tissues of its host (Galil and Eisikowitch, 1968) . (Ware et al., 1993; Grison-Pigé et al., 2002b; Proffit et al., 2009) . They lay eggs in ovaries of a fraction of the flowers they pollinate, thereby initiating the formation of galls, each corresponding to the development site of one pollinator larva (Galil and Eisikowitch, 1968) . Following pollination, the composition of fig odour changes (Proffit et al., 2008; Chen et al., in press) , and pollinating wasps are no longer attracted to them (Chen and Song, 2008; Chen et al., in press) . Ficus species are found mainly in tropical habitats, and many species often co-occur in the same area.
As pollinating fig wasps live only for a few hours and usually only one pollinator species can oviposit in one Ficus species due to physical barriers, the message emitted by receptive figs must specifically attract the associated pollinator species. Recent studies have shown that species-specificity of the chemical message emitted by receptive figs and recognition of this message by pollinating fig wasps can promote the specificity of the interaction (Grison-Pigé et al., 2002b; Chen et al., in press; Proffit et al., 2009) . Volatiles from headspace collection of receptive figs have now been identified for more than 25 species of Ficus (Grison-Pigé et al., 2002a; Proffit et al., 2009) . However, for some species, it has been difficult to obtain samples of sufficient concentration for analysis using conventional solvent desorption methods (Grison-Pigé et al., 2002a) , and proper comparison of the volatile messages emitted by closely related species of figs occurring in the same area are still required to determine if they are distinctive enough to prevent host shift of fig wasps to closely related Ficus species.
Ficus sycomorus sycomorus Linnaeus and F. sur Forsskål are closely related species belonging to the subgenus Sycomorus section Sycomorus (see Berg and Wiebes, 1992) . They both usually grow in woodland near streams and occur naturally from South Africa to Senegal, as well as on the Arabian Peninsula. F. sycomorus also occurs in Madagascar. In Southern Africa F. sur is pollinated by Ceratosolen capensis Grandi and F. sycomorus is associated with C. arabicus Mayr and C. galili Wiebes (Kerdelhué et al., 1999) . However, C. galili exhibits no pollination behaviour and is the only nonpollinating agaonine species known (Galil and Eisikowitch, 1968 ). These three agaonine species are closely related (Kerdelhué et al., 1999) . Here we report and compare the blends of VOCs emitted by receptive figs of F. sur and F. sycomorus in Southern Africa.
Materials and methods

Headspace extraction of receptive fig scent
In three localities for F. sur and four for F. sycomorus (see Fig. 1 ; Table 1 ), we collected and analyzed odours released by receptive figs (4 to 170 figs/tree) in natural populations. Odour collection was performed generally outside, always on sunny day (between 10 h and 17 h) between November 2007 and April 2008 , or in February 2009 (Table 1) . Because of the necessity to obtain concentrated extracts (number of figs per branch was very low), odour collections were performed ex situ. Branches carrying receptive figs were cut from the tree, leaves and figs not at receptivity were removed and branches were directly sealed enclosed in a polyethylene terephtalate bag (Nalophan ® [Kalle Nalo GmbH, Wursthüllen, Germany]). To control for the effects of physical damage on volatile emission, samples were also taken, always at the same time as branches with receptive figs, from cut branches where figs and leaves were removed. Extraction of receptive figs and controls were start approximately 30 min after branches were cut. For volatile trapping we used headspace technique and miniaturized trapping tubes that can be loaded into a ChromatoProbe device (Amirav and Dagan, 1997) for direct thermal desorption in the GC injector. Trapping tubes were prepared from standard 15 mm-1.9 mm I.D. ChromatoProbe microvials with the solid base removed so that they were converted to tubes. The tubes were filled with a mixture 1.5 mg of Tenax-TA and 1.5 mg Carbotrap held in place with packed glass wool on either side. The tubes and their contents were cleaned by washing with acetone and heated for 1 h at 250°C. For each sample we let the scent accumulate in the bag for 30 min and then sucked air out through a trapping tube for 30 min using a pump with a flow of 200 ml/h. We repeated the procedure two to six times.
Gas chromatography/mass spectrometry analysis
The samples were analyzed by gas chromatography-mass spectrometry (GC-MS) using a Varian CP-3800 GC (Varian, Palo Alto, California) coupled to a Varian 1200 quadrupole mass spectrometer in electron-impact ionization mode. The gas chromatograph was equipped with an EC-WAX column (30 m × 0.25 mm × 0.25 µm; Alltech, Associates, Inc.), equivalent to a DB-WAX column, or an EC-5 column (30 m × 0.32 mm × 1.00 µm; Alltech, Associates, Inc.), equivalent to a DB-5 column. Trapping tubes were placed in a Varian 1079 injector equipped with a Chromatoprobe thermal desorption device. The instrumentation and temperature programs were as follows : electronic flow control was used to maintain a constant helium carrier gas flow of 1.0 ml/min, the GC oven temperature was held at 40°C for 3 min, then increased by 10°C/min to 240°C and maintained at that temperature for 12 min, the MS interface was 250°C and the mass spectra were taken at 70 eV (in EI mode) with a scanning speed of one per scan from m/z 30-350. The GC-MS data were processed using a Varian Workstation software package. Component identification was carried out by matching the mass spectra with NIST 2.0 library and retention index (relatively to nalkanes), and confirmed by comparing retention index and mass spectra with published data (Pherobase http://www.pherobase. com/ and flavornet database http://www.flavornet.org/) or authentic standards when available.
To characterize only the compounds emitted by receptive figs, odour emitted by branches carrying receptive figs and controls of the same tree were compared (for example see Fig. 2 ). For each sample run on the EC-WAX column, we estimated the total quantity of VOCs extracted. Known quantities of standard compound (benzaldehyde, hexyl acetate, linalool and β-caryophyllene) representative of the different chemical classes of VOCs present in our scent samples were run using the same method as described above. We then estimated for each standard compounds the area representing 200 ng. The mean for all standard compounds of this area was used as a scale to estimate the total scent extract in the different samples. For each sample, peak areas of all the compounds were determined, divided by this value and multiplied by 200 ng. Finally for each sample run on the EC-WAX column, we calculated the relative proportion of each compound in the total scent.
Statistical analysis
All statistical analyses were performed using R, version 2.8.0 (R Development Core Team, 2008). To compare scent composition (the relative proportions of all the compounds) of the different samples, we used the function metaMDS (Vegan package, Oksanen et al., 2008) . Data were first square-root transformed. Then, a data matrix of pairwise comparisons among samples was composed based on the Bray-Curtis distance index (Bray and Curtis, 1957) . Non-metric multidimensional scaling (NMDS) was used to find the best lowdimensional representation of the distance matrix. To evaluate how well (or poorly) the particular configuration produces the observed distance matrix, the stress value is given. The smaller is the stress value, the better is the fit of the reproduced distance matrix to the observed distance matrix. In this analysis, several iterative processes were run until we obtained two similar configurations with minimum stress. Finally, the solution was scaled by rotating the solution so that the largest variance of samples was on the first axis. The null hypothesis of no difference in patterns of scent composition between the two Ficus species was tested for significance with a multipleresponse permutation procedure (MRPP) on the data matrix with 1000 permutations. MRPP tests a priori defined groups against random groups in ordination space.
Results and discussion
We detected a total of 56 compounds, of which 33 could be tentatively identified by mass spectra and retention times (see Table 2 ). Thirty four compounds were detected in the odour of F. sur, 31 in F. sycomorus and only 9 were shared by both species. Receptive figs of F. sycomorus emitted 18 ± 10 compounds/individual and F. sur, 25±4. Grison-Pigé et al. (2002a) have already described the blend of volatiles emitted by receptive figs of F. sur in Southern Africa. In the present study, we detected a much higher number of VOCs per individual in receptive figs of F. sur than did Grison-Pigé et al. (2002a) who detected only 11 compounds. This is almost certainly because our method which uses miniature trapping tubes and thermal desorption is much more sensitive than the conventional solvent desorption method used by Grison-Pigé et al. (2002a) . Amirav and Dagan (1997) provide a detailed discussion of these methods. Fig. 3 shows an ordination (NMDS) of the individual samples based on the Bray-Curtis dissimilarity index (stress = 0.073). We showed that the volatile profile of receptive figs of the two closely related species of Ficus studied, sampled in different populations using the same technique, are clearly and significantly different (MRPP, A = 0.23, P = 0.006). In terms of number of compounds emitted, the scent of both species is dominated by terpenoid compounds (monoterpenes and sesquiterpenes). As reported for other Ficus species (Grison-Pigé et al., 2002a), the volatile signature emitted by the studied Ficus species is composed of one or a few dominant compounds accompanied by several minor compounds. In the present species studied, for all individuals two compounds represented together more than 50% of the total volatile signal. For F. sycomorus the most abundant compounds, for most of the individuals, were (E)-β-ocimene and, for some of them, (Z)-3-hexenyl acetate, and, for one individual, (Z)-3-hexenol and βcaryophyllene. The volatile signature of F. sur is dominated for most of the individuals by β-caryophyllene and an unidentified sesquiterpene, for one individual by (E)-β-ocimene and for one of them by (Z)-3-hexenol and α-copaene. One of the individuals of F. sur sampled has a volatile signature at receptivity consistent with the data already published (Grison-Pigé et al., 2002a) . Thus even if a global species-specific signal is produced by receptive figs, there is no doubt that substantial variation occurs within the same species. Variation within a locality was at least as great as that between localities (Fig. 3) . This could be due to small physiological differences within the receptive stage between figs. In this study however, the variation, if it exists, has been accounted for because several figs per individual were used for scent extraction. Thus the qualitative differences of the chemical composition between individuals, as for plants in other specific pollination systems, such as Silene latifolia (Dötterl et al., 2005) , may reflect the existence of different chemotypes. The proper characterization of the volatile blend emitted by one Ficus species, as for other plant species, requires the sampling of several individuals from several populations. As for other Ficus species, the major compounds produced by receptive figs of F. sycomorus and F. sur are generally common among floral fragrances (Knudsen et al., 2006) and the specificity of the attraction is not likely to be the result of one specific compound. Interestingly, here several of the major compounds of the receptive chemical message are shared by the two species. However, their relative proportions vary among the two species. Thus, we can expect that, as for two other Ceratosolen species (Chen and Song, 2008; Chen et al., in press) , the pollinator of F. sur (C. capensis) and the ones of F. sycomorus (C. arabicus and C. galili) not only the identity of the compounds, but that their concentration and their relative proportions also have a behavioural role. For example, a combination of two monoterpenes, linalool and limonene at different ratio is either attractive or repulsive for C. marchali the pollinator of F. hispida (Chen and Song, 2008) .
In the present study, we detected large intraspecific variation in the total amount of scent collected per fig per hour for both Ficus species: F. sur (between 0.84 and 195.56 ng) and for F. sycomorus (between 4.38 and 135.07 ng). As scent extractions, for both species, were performed in several localities and at different seasons (Table 1) , abiotic factors are more likely to be responsible from this variation than physiological differences between individuals of the same species. In several systems it has been shown that temperature has an effect on floral scent emission (Jakobsen and Olsen, 1994; Sagae et al., 2008) . Therefore, the large intraspecific variation on the total amount of scent collected for F. sur and F. sycomorus is certainly due to variation in temperature and light intensity which were not controlled here. Compounds are ordered in classes, which reflect their biosynthetic origin (Knudsen et al., 2006) . Within each class compounds are listed in order of their retention index on the EC-WAX column (EC-WAX obs) values of which were compared with published data on an similar type of column [refs (DB-WAX lit)] when available. In addition, we present the retention index of some compounds on the EC-5 column (EC-5 obs) and compared them with published data [Adams, 2001 (DB-5 A)] when available. Mass fragments for unknowns are listed with the molecular ion first (if know) marked with *, followed by the base peak and other fragments in order of decreasing abundance given in brackets. a Identity confirmed by comparison of MS and retention time of authentic standards. b Number of samples in which the compound was detected for each of the Ficus species. Fig. 3 . Non-metric multidimensional scaling ordination (NMDS) of the chemical composition of syconium fragrance of two Ficus species based on Bray-Curtis distance, rotated by principal component, so that the variance of points is maximized on the first dimension, labelled as follows: first syllable = Ficus species; second latter = locality (see Fig. 1 ). Stress = 0.073.
Our study confirms the hypothesis that the chemical blend emitted from syconia by Ficus species is species-specific, for two closely related Ficus species, occurring in the same area, and pollinated by closely related species of wasps (Kerdelhué et al., 1999) . Currently, the volatile blend produced by figs at receptivity has been described for several species (Grison-Pigé et al., 2002a; Proffit et al., 2009) 
